The essential oil of A. zerumbet, obtained from the leaves through steam distillation, has a distinct aroma and shows antioxidant activity. In this study, we evaluated the yields, antioxidant activity, and volatile compound composition of essential oils extracted from the leaves of A. zerumbet to better understand how these characteristics may vary among individual plants, and how they may differ with location of growth and season in which leaves are harvested. Gas chromatography-mass spectrometry (GC/MS) and principal component analysis (PCA) revealed that chemical composition in each individual plant was not affected by harvest season or growth area. Furthermore, GC/MS and antioxidant activity assays revealed that although the antioxidant activity and yield of these essential oils differed significantly between individual plants and collecting seasons, there was a strong inverse correlation between the yields of essential oils and their antioxidant activity. The yield, the major volatile compound compositions, the enantiomeric ratio of the few monoterpenes, and the antioxidant activities of A. zerumbet essential oil varied significantly among individual plants, and probably reflected the genetic variability within the species. This suggests the plausibility of selecting lineages of A. zerumbet to optimize future production of valuable essential oils.
The aromatic perennial plant Alpinia zerumbet (Pers.) Burtt & Smith (Zingiberaceae) is widely distributed and native to tropical and sub-tropical Asia; in Japan, it grows from southern Kyushu to the Ryukyu Islands. A. zerumbet has been commercialized for use in the food and cosmetic products. The essential oil of A. zerumbet, which has been used as a folk medicine to treat a wide variety of conditions, possesses valuable medicinal properties [1] . The essential oil obtained from leaves of A. zerumbet through hydro and steam distillation has a distinct aroma, possesses antioxidant activity, and has been analyzed using gas chromatography and infrared (IR) spectroscopy [2] [3] [4] [5] [6] [7] . In the previous studies, the extracts of A. zerumbet and other Alpinia spp. have many biological activities and pharmacological properties, including antibacterial [8] , bactericidal [9] , antifungal [10] , diuretic, and antihypertensive [11] [12] [13] properties. The essential oil of A. zerumbet has been also shown to be an effective on anxiolytic and behavioral alterations in mice [14, 15] and potent regulator of arterial pressure, capable of inducing hypotension [16] . Moreover, its dose-dependent ability to block the compound action potential of rat sciatic nerve has been demonstrated [17] . Recent research has identified new functions of A. zerumbet essential oil, including chemoprotective effects against H 2 O 2 -induced DNA damage in cultured human leukocytes, inhibition of advanced glycation end-product accumulation associated with diabetes and aging [18] , and post-stroke muscle spasticity [19] . In addition, phytochemical compounds of this essential oil have been reported to extend the lifespan of Caenorhabditis elegans, and to have a significant synergistic antibiotic effect when combined with aminoglycosides [20, 21] .
Recently, interspecific hybridization of Alpinia spp. has been reported in Taiwan [22] . In fact, natural hybridization of Alpinia is not exclusive; Alpinia x okinawaensis (hybrid of A. formosana and A. uraiensis) has been reported in the Ryukyu Islands, Japan [23] . Liu et al. suggest that the influence of frequent interspecific hybridizations on phylogenetic reconstruction of Alpinia is worthy of further rigorous testing [22] .Previously, we showed significant differences between essential oils from different individual plants of A. zerumbet, resulting in variable fragrance and antioxidant activity. Interspecific hybridization of Alpinia spp. may also occur in Japan, resulting in detectable differences in essential oil characteristics [24, 25] . In this study, we evaluated the yields, the volatile compound composition, and the antioxidant activity of essential oils extracted from the leaves of A. zerumbet from various growth areas, harvest seasons, and individual plants.
The essential oil of A. zerumbet leaves from various sites ( Table 1) was analyzed using gas chromatography-mass spectrometry (GC/MS). The chemical profiles of the essential oil and the identity and percent of total content of individual components are summarized in Table 2 (see also Figure S1 in the Supporting Information). The volatile components were unambiguously identified using mass fragmentation patterns with MS libraries and by comparing their retention indices on the basis of linear retention index (RI) on the DB-WAX column. Total ion chromatograms (TIC) of OFA (Feb. 2015 and Apr. 2015) and IeC (Apr. 2015, Oct. 2015, and Jan. 2016; Sample code and collection data were shown in Table 1 .) were used to compare essential oils obtained in different seasons from the same individual plants. The pattern of TIC obtained from the same individual plant varied quantitatively, but not qualitatively, with changes in season, although TIC was qualitatively different between individual plants. These results indicate that the chemical constituents of an individual plant are not affected by the season. Since the essential oil content is low (0.04-0.07%), large quantities of leaves (40-100 kg) are required to obtain sufficient essential oil through steam distillation. Therefore, it is presumed that most reported chemical compositions and aroma profiles have been obtained from several plants; however, those obtained from individual plants are not clearly known.
The major compounds detected in the essential oil of OFA were sabinene (5), 1,8-cineole (10), γ-terpinene (11) , and terpinen-4-ol+β-caryophyllene (19) . In contrast, the major compounds of IeC [26] .
Our current studies infer that these differences in the main component are due to the essential oil having been obtained from A. zerumbet leaves collected from multiple plants.
The enantiomeric distribution of the monoterpene components can provide useful information regarding the authenticity of the essential oil, its quality, geographical origin, and biogenesis. Enzymatic reactions are commonly characterized by a high degree of stereospecificity. In general, the composition of the essential oil is greatly affected by the environmental changes. Therefore, we conducted enantioselective analyses to determine stereochemical information on the chiral constituents of the essential oil. The enantiomeric ratios for three compounds, α-pinene, limonene, and terpinen-4-ol, were determined using an HP-Chiral 20B column with a 30 m length, 0.25 mm ID, and 0.25 µm thickness (Agilent Technologies, Inc.). The results are shown in Table 3 . Interestingly, the exsisting ratios of α-pinene, limonene, and terpinen-4-ol hardly changed within the same individual plant harvested during three different months, but the enantiomeric ratios of α-pinene and terpinen-4-ol were distinctly different between individual plants. In particular, the majority of α-pinene in OFA was (R)-(+)-enantiomer. Its enantiomeric ratio changed slightly throughout the year. The ratio of (R)-(+)-enantiomer and (S)-(-) enantiomer in terpinen-4-ol in OFA is 78.6% vs 21.4%, whereas in IeC and OTB, the ratios were 38.0% vs 62.0% and 36.4% vs 63.6% in three periods, respectively. The enantiomeric ratios of three compounds were determined with the HP-Chiral 20B column. These enantiomers are listed in order of their elution from the column. The enantiomers were identified based on their retention time and compared with their authentic standards. The enantiomeric ratios of limonene were relatively stable throughout the year. These results suggest that within a given plant, the expression levels of genes encoding the enzymes required for compound biosynthesis are relatively constant regardless of climate or season. It is inferred that the difference in aroma profiles and enantiomeric ratios between individual plants is due to different levels of gene expression in each individual.
Principal component analysis (PCA) was performed using SIMCA software (version 13.01; UMETRICS), to determine whether differences in chemical compositions and aroma profiles could be correlated to individual plants from which essential oils were obtained. The scatter plot of PCA scores for the major volatile compounds is shown in Figure 1 . The results were standardized by autoscaling prior to statistical analysis. PC1 and PC2 for the relative concentrations of the aroma components explain 68.8% of the total variances. Based on the 33 identified aroma components, the aroma profiles of A. zerumbet oils are clearly distinguished in three groups. Although the composition of essential oil changes slightly according to the season, the difference in the essential oil composition between individual plants has a stronger influence. PCA results showed no clear seasonal difference.
The OFA samples contained many monoterpenes, such as sabinene (5), γ-terpinene (11), 1,8-cineole (10) , and terpinen-4-ol+βcaryophyllene (19) . PCA analysis indicated that these samples clustered in a group that was significantly different from other individual plants. In addition, IeA belongs to a different group than the other two individual plants (IeB, IeC) collected from Ie island. Major volatile compounds have been reported to vary with season, soil, and climate, affecting the composition of essential oils. These differences may be emphasized in essential oils obtained via largescale steam distillation because these extracts represent a composite of the aromatic components of multiple plants. In our current study, the difference in essential oil composition between plants appears stronger than differences due to seasonality. Antioxidant activities were measured using 1,1-diphenyl-2picrylhydrazyl (DPPH) free radical-scavenging assays. Trolox equivalent (TE) antioxidant capacities ranged from 1.5 to 8.8 μmol TE/g oil, and the yields of essential oil ranged from 0.32 to 3.64 g/kg leaf dry weight. Interestingly, although the antioxidant activity and yield of these essential oils differed significantly between individuals and collecting seasons, there was an inverse correlation between the yields of essential oils and their antioxidant activity (r 2 = 0.831; Figure 2 ). Thus, the essential oil of A. zerumbet differed significantly between individual plants with respect to yield, volatile compounds, and odor. GC/MS analysis and antioxidant activity assays revealed that highly polar compounds were responsible for the antioxidant effects of the essential oil, and that the chemical composition in each individual plant was not affected by season or growth area. These results suggest that the essential oils from different individuals possess different antioxidants, and that the yield of essential oil may depend on the amounts of terpenes produced in the leaves.
In conclusion, the yield, major volatile compound compositions, the enantiomeric ratio of three monoterpenoids, and antioxidant activities of A. zerumbet essential oil from leaves were dependent on individual plants and probably reflected the genetic composition of each plant. This could provide clues to aid in selecting lineages of A. zerumbet that optimize production of compounds with particular medicinal values.
Experimental
Plant material: Leaves of A. zerumbet were collected from Okinawa. Sample code and collection data of A. zerumbet examined in this study were shown in Table 1 . Plants were identified using taxonomic keys focused on the flora of Japan [27, 28] . For each collection, 6 kg of fresh A. zerumbet leaves (approximately 1 kg dry weight) were finely cut and oven-dried at 40-45C to a moisture content of 8-15%. Dried leaves were then placed in a distillation apparatus (Large Type; Tokyo Seisakusho Ltd., Tokyo, Japan) and subjected to steam distillation for 1.5 h. The essential oil and approximately 0.5 L of water extract were obtained via steam distillation. The extracted essential oil was weighed and the yield was calculated based on dried leaf weight (kg). 
Chemicals

Analysis of volatile components of essential oils:
The volatile components of Essential oils were analyzed using GC/MS (QP-2010 Plus; Shimadzu Co., Kyoto, Japan) equipped with an AOC-20i auto-injector (Shimadzu). Quantitative determinations of essential oil components were made based on peak area measurements. GC/MS analyses were performed using a DB-WAX column of 60 m length, 0.32 mm ID, and 0.5 µm thickness (Agilent Technologies, Inc., Santa Clara, CA, USA). The GC oven temperature program was as follows: 40C held for 1 min, increased by 4C/min to 160C, then increased by 10C/min to 220C, and held for 8 min.
The GC was interfaced with the temperatures of the injector and ionization source, maintained at 220C. The mass range scanned was 30-600 amu. The GC/MS system and data peak processing were controlled using Shimadzu's GC/MS solution software, version 4.2. The volatile components were identified using mass fragmentation patterns with MS libraries (NIST05 and FFNSC Library ver. 1.2; Shimadzu Co.) and by comparing their retention indices based on linear RI. The linear RIs were determined for all constituents by using a homologous series of n-alkanes (C8-C24) injected under the same chromatographic conditions as the samples. Enantiomeric volatile compounds in essential oils were analyzed using a gas chromatograph (GC) with FID (GC-2014; Shimadzu Co.) equipped with auto-injector AOC-20i (Shimadzu). The enantiomeric ratios of three monoterpenes were determined based on peak area measurements. The GC chiral analyses were performed using an HP-Chiral 20B column of 30 m length, 0.25 mm ID, and 0.25 µm thickness (Agilent Technologies, Inc.). The GC oven temperature program was as follows: 40C held for 5 min, increased at 3C/min to 60C, where it was kept for 40 min, then raised at a rate of 3C/min to 180C, and held for 20 min. The GC was interfaced with the temperatures of the injector and ionization source, maintained at 250C. Control of the GC system and the data peak processing were carried out using Shimadzu's GC solution software, version 2.30.
1,1-Diphenyl-2-picrylhydrazyl (DPPH) radical-scavenging assay:
The antioxidant activity of the essential oil was evaluated using the DPPH assay. Scavenging activity was estimated according to the modified method of Blois for a 96-well microplate assay [29] . A 20 µL aliquot of essential oil diluted to 30 mg/mL in ethanol or 20-200 µM Trolox standard was mixed with ethanol (80 µL). Then, 100 µL of 126.8 µM DPPH, previously prepared in ethanol, was added. The mixture was shaken vigorously and left to stand for 30 min at 37°C in a dark room. Absorbance was read using a Varioskan Flash Multimode Reader (Thermo Fisher Scientific, Oy, Finland) at 520 nm. The scavenging effect was expressed as Trolox equivalents/g oil (µmol TE/g oil). The values are means of triplicate analyses for each sample.
Statistical analysis:
All data analysis was carried out using SIMCA software (version 13.01; UMETRICS). PCA was performed using the SIMCA software (version 13.01; UMETRICS, Malmö, Sweden) to determine whether differences in the chemical composition of essential oils could be correlated with the district of their production and/or with individual plants.
